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S1. Calibrating the Relevant Reference Reactions for the EVB Simulations
S1.1. Theoretical background
The empirical valence bond is unique in that it is a fully classical approach that uses the mixing of classical force fields in a valence bond-based quantum mechanical framework to describe chemical reactivity [1] [2] [3] . As described in the main text, one of the main advantages of this approach is that it is very fast, which allows for extensive conformational sampling compared to other semi-empirical or ab initio QM/MM approaches. At the same time, it carries a very large amount of chemical information, allowing one to model bond-making and bond-breaking processes in a chemically meaningful way 3 . The success of this approach as applied to numerous biological systems has been extensively documented [3] [4] [5] , and its ability to predict and rationalize mutational effects has led the EVB approach to also be suggested to be a powerful tool for computer-guided enzyme (re-)design 6-8 .
Part of the EVB philosophy is based on the existence of a well-defined reference state 4 , which is used for all subsequent calculations on that reaction. Once a reference state has been clearly and rigorously defined and parametrized, the same parameter set can then be used completely unchanged for the wild-type and all mutant forms of the enzyme (see discussion in ref.
3), allowing one to directly examine the catalytic effect of the enzyme and compare the effect of mutations on this effect without the need for any adjustable parameters. When calibrating the reference state, one important aspect to take into account is that the preferred mechanism in solution, without the catalyst present, can be different from the one in the enzyme active site, as one feature of the enzyme may be to change the mechanism of the uncatalyzed reaction.
However, the relevant reference state in this valence bond framework is an identical reaction in the absence of the catalyst. Where direct experimental data is not available, this energetic S5 difference can be obtained either through high level quantum chemical calculations, through consideration of relevant pK a differences, or through indirect considerations of analogous experimental data, as outlined in ref. 4.
As outlined in Figure 2 of the main text, the PMHs being considered in this work catalyze the hydrolysis of a range of phosphate, sulfate, phosphonate and sulfonate monoesters. As there is no direct experimental data available on the reactivity of these compounds using the same nucleophile considered in the present work (anionic acetaldehyde hydrate), we have calibrated the energetics of our reference reactions to extrapolated experimental data. Specifically, we have taken into account the wealth of experimental data available on both the alkaline and spontaneous hydrolyses 9-12 of the substrates studied here, adjusting for nucleophile concentration (in the case of the alkaline hydrolysis) and nucleophile pK a in order to obtain approximate activation barriers for our model reaction in aqueous solution and to quantify the catalytic effect of the enzyme. As we are not taking into account the second step of the reaction in this work (i.e the likely spontaneous hemiacetal cleavage 13 ), the precise reaction free energy is less crucial, and we therefore used a constant value of -8.8 kcal · mol -1 as an approximation for all reactions modeled in aqueous solution, based on the difference between the pK a of the nucleophile (13.5) 14 and leaving group (7.14) 9 . Additionally, in the case of the hydrolysis of the phosphate and phosphonate monoesters by RlPMH, we also calculate the activity of a series of mutant forms of the enzyme, and the fact that we can reproduce relevant trends between mutants with high accuracy further supports the reliability of our model. Our corresponding considerations in calibrating the activation barriers for each substrate of interest are shown below. Taking into account this information we have calibrated the hydrolysis steps of the reaction as described in Sections S1.2 to S1.5.
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S1.2. Background reaction for the hydrolysis of phenyl p-nitrophenyl phosphonate
The most challenging of the reactions to calibrate in this study is the hydrolysis of phenyl pnitrophenyl phosponate (PPP), due to the limited experimental data available on this reaction. 
S1.4. Reference reactions of the p-nitrophenyl phosphate and sulfate monoesters
Of all the compounds of interest in the present work, the p-nitrophenyl phosphate 9,10,20 and sulfate 11,20 monoesters are the best studied, as they are prototypes systems for the reactivity of phosphate and sulfate monoesters respectively. In this case we took into consideration the pnitrophenyl phosphate monoanion rather than the dianionic form, as discussed in the main text.
For the p-nitrophenyl sulfate monoester the rate constants are k OH -= 4.99 x 10 -9 s -1 , and k H2O = 
S1.5. Reference reaction of phenyl p-nitrophenyl sulfonate
Although not as extensively studied as the previous compounds, there still nevertheless exists experimental data on the hydrolysis of sulfonate esters with various leaving groups. Specifically, and H-O lg (light green). All distances are given in Ångströms (Å). As can be seen from this plot, this is an asynchronous but concerted process, with initial nucleophilic attack on the P/S center, followed by proton transfer to the leaving group oxygen. 1.89 ± 0.08 2.14 ± 0.12 1.09 ± 0.07 1.40 ± 0.12 PET 2.09 ± 0.29 2.04 ± 0.12 1.07 ± 0.06 1.43 ± 0.12 PNS 2.13 ± 0.17 2.06 ± 0.13 1.06 ± 0.05 1.44 ± 0.12 PPS 1.85 ± 0.07 2.04 ± 0.09 1.04 ± 0.05 1.49 ± 0.10 PNPH 1.99 ± 0.25 2.14 ± 0.18 1.13 ± 0.07 1.32 ± 0.10
S16
2.05 ± 0.10 1.97 ± 0.08 1.08 ± 0.07 1.40 ± 0.10 PET 2.06 ± 0.11 1.94 ± 0.08 1.10 ± 0.07 1.39 ± 0.08 PNS 2.11 ± 0.13 2.08 ± 0.12 1.08 ± 0.07 1.43 ± 0.10 PPS 1.88 ± 0.07 1.99 ± 0.08 1.26 ± 0.09 1.19 ± 0.09 PNPH 2.03 ± 0.11 2.00 ± 0.11 1.12 ± 0.08 1.37 ± 0.11
Substrate
BcPMH P(S)-O nuc P(S)-O lg H-N(K 337 ) H-O lg PPP
2.07 ± 0.11 1.95 ± 0.08 1.08 ± 0.06 1.43 ± 0.09 PET 2.09 ± 0.13 1.97 ± 0.10 1.09 ± 0.07 1.41 ± 0.10 PNS 2.12 ± 0.13 2.08 ± 0.12 1.08 ± 0.06 1.43 ± 0.09 PPS 1.84 ± 0.06 1.99 ± 0.08 1.05 ± 0.06 1.43 ± 0.09 PNPH 2.04 ± 0.11 2.00 ± 0.10 1.12 ± 0.10 1.37 ± 0.08 2.07 ± 0.11 1.94 ± 0.09 2.11 ± 0.14 1.96± 0.10 N78A 2.06 ± 0.11 2.02 ± 0.09 2.12 ± 0.13 1.95± 0.09 Y105A 2.02 ± 0.09 1.99 ± 0.08 2.12 ± 0.14 1.98± 0.10 T107A 2.03 ± 0.10 1.97 ± 0.08 2.03 ± 0.10 1.98± 0.09 H218A 2.03 ± 0.10 1.98 ± 0.08 2.07 ± 0.12 1.99± 0.10 WT(BcPMH) 2.07 ± 0.11 1.95 ± 0.08 2.09 ± 0.13 1.97± 0.10 K337A 2.05 ± 0.10 1.97 ± 0.08 1.08 ± 0.07 1.40 ± 0.10 PPP-K337A 1.99 ± 0.09 1.97 ± 0.08 1.26 ± 0.09 1.19 ± 0.09 PET-WT 2.06 ± 0.11 1.94 ± 0.08 1.10 ± 0.07 1.39 ± 0.08 PET-K337A 2.04 ± 0.13 1.98 ± 0.11 1.24 ± 0.08 1,22 ± 0.10 Table S8 . The parameters not mentioned herein were set to the Fpocket 2 default values. 1,000,000 points were used for the volume and surface sampling. Table S8 : Parameters used in Fpocket 2 26 to perform the analysis presented in Table S7 and 
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S4. Empirical Valence Bond Parameters Used in this Work
The EVB parameters used in this work were obtained as outlined in the Methodology section in the main text. All parameters not listed here are standard OPLS-AA parameters for the relevant atom types. For details of the EVB approach we refer the reader to refs. 1-3. The offdiagonal elements, which describe the coupling between the two EVB diabatic states, can be represented by simple-exponential functions of the form:
where r ij denotes the distance between atoms i and j and r 0 denotes the equilibrium distance or, as in this work, by a constant, where the parameter µ is set equal to zero. The gas-phase shift, α i , is a constant that can be added to either parabola in the reference state in order to reproduce the overall free energy of the background reaction. In the present work, α i was always added to State II (for definitions of the states see the schema below). The off-diagonal elements (H ij ) and gasphase shift (α i ) values used in this work to calibrate the reference reactions are presented below.
The same parameters were then used unchanged in all enzyme runs. 
S25
The different valence bond states used to model the PMH reactions in this work are illustrated below, and the R groups on each substrate studied correspond to those shown in Figure 2 -0.6099 -0.5309 -0.5494 -0.5309 -0.5157 -0.5311 -0.6727 -0.5311 -0.4238 -0.5309 8 -0.7747 -0.7906 -0.7468 -0.7901 -0.6445 -0.6762 -0.7876 -0.8168 -0.5318 -0.5270 9 -0.7747 -0.7906 -0.7468 -0.7901 -0.6445 -0.6762 -0.7876 -0.8168 -0.5318 -0 Torsion force: V a = V 1 (1+cosφ)/2 + V 2 (1-cos2φ)/2 + V 3 (1+cos3φ)/2
